Abstract-Glycosyltransferases play an essential role in protein glycosylation, localization and function. In Dictyostelium discoideum (D.discoideum), four GlcNAc transferases genes, gnt12, gnt13, gnt14 and gnt15 were identified by an in silico approach based on their similarity to mammalian GlcNAc transferase. The glycosyltransferase activities of these gene products were unknown. In this study, we expressed D.discoideum GlcNAc transferase (DdGnT15) in E.coli and its biochemical function was explored. The phylogenetic alignment showed DdGnT15 had higher similarity with hs β3GnT1 among the 9 human β3GnTs. The expressed DdGnT15 protein was purified by Ni-NTA column and confirmed by Western blot. The DdGnT15 showed no GlcNAc transferase activity with pyridylaminated lacto-N-neotetraose as substrate under in vitro conditions. The carbohydrate binding activity of DdGnT15 was measured by incubating with affinity matrix containing immobilized carbohydrates. DdGnT15 bound to a matrix containing immobilized N-acetylglucosamine, but not to other carbohydrates. These results helped to conclude that DdGnT15 is a carbohydrate binding protein with binding specificity similar to that of wheat germ agglutinin. We hypothesize that DdGnT15 is the first identified D.discoideum GlcNAc lectin.  Index Terms-dictyostelium discoideum, GnT15, LARGE, sugar binding, lectin
I. INTRODUCTION
Glycosylation plays a substantial role in many vital cellular processes. These are enzyme catalyzed and site specific process and a form of post-translational modification [1] . Glycosyltransferases are the group of enzymes involved in glycosylation by transferring sugar moieties from donor to an acceptor form glycosidic linkages. These enzymes have specificity for a nucleotide sugar donor and acceptor which are indicated by their names [2] . Glycosyltransferases play an essential role in protein glycosylation, localization and function. Nacetylglucosaminyltransferases (GlcNAc) are the glycosyltransferases which catalyzes the formation of complex N-linked carbohydrates by transferring GlcNAc from UDP GlcNAc to an acceptor [3] .
DdGnT15 is a putative glycosyltransferase found in D.discoideum. This organism is one of the best known simple eukaryote developmental systems which can use as a model to study genetic, cellular, and biochemical processes. There are four GlcNAc transferases genes, gnt12, gnt13, gnt14 and gnt15 identified in D.discoideum based on their sequence similarity to LARGE. The disruption of gnt15 gene affected morphology, development, cell adhesion, and changed profiles of membrane glycoproteins on D.discoideum cells [4] .
The like-glycosyltransferase (LARGE) is a type II transmembrane protein containing four DXD motifs, which was frequently found in glycosyltransferase [5] . In addition, LARGE contains a C-terminal domain similar to human i blood group β1,3-N-acetylglucosaminyltransferase (iGnT) and it is located in the Golgi complex [6] . In our previous study, we showed that the gnt15 from D.discoideum is similar to human LARGE protein via BLASTP analysis [7] . Although in silico analyses are useful, still conclusive evidence needed from experimental data to prove all the predictions from bioinformatics methods.
In this study, the relationship among the DdGnT15, LARGE and β3GnTs family was first analyzed based on its sequence. The recombinant DdGnT15 was expressed in E.coli BL21 and purified to homogeneity. The purified DdGnT15 was tested for GlcNAc transferase activity and protein-carbohydrate affinity binding.
II. MATERIALS AND METHODS

B. Sequence Alignment of DdGnT15
The DdGnt15 sequence and β3Gnt sequences were retrieved from NCBI Non-redundant protein database. The sequences were aligned by the multiple sequence alignment program ClustalW [8] . A phylogenetic tree was constructed for the aligned sequences by using neighbor-joining method in PHYLIP program ver. 3.69 [9] .
C. Cloning and Expression of DdGnT15 in Ecoli BL21
The cDNA encoding the full open reading frame of DdGnT15 was provided by Dr. Y. Tanaka (The Dictyostelium cDNA project, Japan). The cDNA contained 2021 base pairs and NotI and SalI restriction sites. The DdGnT-15 cDNA was subcloned into pET32a(+)-Factor Xa vector (Fig. 1) . The pET-32a(+)-Factor Xa-DdGnT15 was then transformed into E.coli BL21. The transformants were grown in LB broth with 50μg/ml of ampicillin at 37°C and 180 rpm. When the growth of bacteria reached OD 600 absorbance of about 0.4, 1mM final concentration of IPTG was added and incubated at 20°C in 180 rpm for 22 h. The bacteria were harvested by centrifugation at 5,000 rpm, 4°C for 15 min and resuspended in equilibration buffer, 50 mM Tris-HCl, and pH 7.4. The cells were lysed and centrifuged at 4°C with 14,000 rpm for 30 min and the supernatant was collected and used for purification steps. 
D. Purification of DdGnT15 by Ni +2 Affinity Chromatography
The His-tagged DdGnT15 was purified by affinity chromatography using Ni-IDA packed column (Clontech, Japan). The clarified lysate was applied to the Ni +2 affinity column preequilibrated with buffer of 50 mM sodium phosphate, 300 mM sodium chloride, 20 mM imidazole, pH 7.4. The column was then washed with buffer containing 40 mM imidazole and the bound proteins were eluted with a buffer containing 300 mM imidazole. The high concentration of imidazole was removed from the protein sample by using Amicon Ultra-15 10K (Millipore) centrifugal filter. The final imidazole concentration was lower than 1 μM.
The partially purified DdGnT15 protein was then applied to a HisTrap FF column connected to a FPLC system (AKTAprime plus) equilibrated with binding buffer with 5 mM imidazole. The protein was eluted with an imidazole gradient of 5-200 mM imidazole. The DdGnT15 protein purified from FPLC was concentrated and buffer exchanged to HEPES buffer prepared with 150 mM NaCl, 10 mM HEPES, pH7.4. The protein concentration was determined by Bradford's method (Bio-Rad). The purified fractions were checked by 8% SDS-PAGE and western blot using S-tag antibodies.
E. GlcNAc Transferase Activity Assay
The GlcNAc transferase activity of DdGnT15 was performed with Lacto-N-neotetraose (LNnT) as substrate and UDP-GlcNAc as donor. The LNnT was derivatized with fluorescent molecule, 2-Aminopyridine (PA-LNnT) as described previously [10] . The reaction was initiated by adding 500 μM UDP-GlcNAc, 10 mM MnCl 2 , 200 μM PA-LNnT and purified DdGnT15 in 50 mM Tris-HCl buffer, pH 7.4 at 37°C for 16 h. The reaction was terminated by boiling at 100°C for 5 minutes. 20 µl of the reaction mixture was injected in to a HPLC system (Agilent 1200 Series) containing TSK-Gel Amide 80 column (4.6mm×250mm). The column was equilibrated in buffer A made of 10% (v/v) Triethyl Ammonium Acetate, 75% (v/v) Acetonitrile and 15% (v/v) deionized water. A linear gradient elution was performed to reach 100% buffer B (10% (v/v) Triethyl Ammonium Acetate, 50% (v/v) Acetonitrile, 40% (v/v) deionized water) over 50 min at a flow rate of 1 ml/min. The products were detected in a fluorescent detector with excitation wavelength of 315 nm and emission wavelength of 380 nm. The chromatogram was recorded and analyzed using Chemstation software.
F. Carbohydrate Binding Assay
The carbohydrate binding assay was performed by measuring the binding efficiency of DdGnT15 to affinity matrix containing immobilized carbohydrates. The carbohydrates bound with agarose were equilibrated with binding buffer consisted of 10 mM HEPES with 150 mM NaCl, 5 mM MnCl 2 , 5 mM MgCl 2 and 5 mM CaCl 2 , pH 7.4. The binding assay was carried out by mixing DdGnT15 with the carbohydrate-agarose affinity matrix at room temperature for 1 h. Lectin from Triticum vulgaris (wheat) and Concanavalin A from Canavalia ensiformis (Jack bean) were used as positive controls for N-acetyl-D-glucosamine-agarose and mannose-agarose respectively. BSA was used as a negative control for all the four carbohydrate-affinity matrices. The carbohydrate -affinity matrices were loaded onto a column (2cm x 0.4cm; bed volume, 0.8 ml) and the flow through fractions were collected. The carbohydrate-agarose was washed with binding buffer and the washed fractions collected at 0.5 ml/fraction. The bounded proteins were eluted with 10 mM HEPES with 150 mM NaCl, 0.5 M N-
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III. RESULTS
A. DdGnT15 Had Similarity with β3GnT1 and LARGE
The multiple sequence alignment of DdGnT15 with LARGE and 9 β3GnT sequences by ClustalW revealed that DdGnT15 has a DXD motif and shares 29% identity with LARGE. The phylogenetic tree analysis indicated that DdGnT15 is closely related to β3GnT1, followed by similarities to LARGE and β3GnT2 (Fig. 2) . Based on the sequence similarity with β3GnT1, we predicted that DdGnT15 might have GlcNAc transferase activity like the β3GnT family.
B. DdGnT15 Expression in E.coli
The DdGNT15 cDNA was inserted into plasmid pET32a, with His-tag and S-tag sequences present at the N-terminal of DdGnT15. The cDNA sequence was confirmed by DNA sequencing and the recombinant DdGnT15 was overexpressed in E.coli BL21. The western blot analysis using monoclonal anti S-tag antibody confirmed the expression of DdGnT15 was induced by IPTG with a molecular mass of around 72 kDa, which was close to the predicted size from sequence analysis (516 amino acid residues along with 6 histidine residues and 15 residues from S-tag, 10 residues for factor Xa).
C. DdGnT15 Protein Purification
The recombinant DdGnT15 expressed in E.coli was purified using immobilized metal affinity column (Ni-IDA). The SDS-PAGE analysis indicated that the purified DdGnT15 protein yielded two proteins of 72 kDa and 60 kDa. Western blot analysis showed that only the 72 kDa protein reacted with anti-S-tag antibody (Fig. 3) . The 60kDa protein may be a protein co-expressed from the host cell E.coli. To separate the DdGnT15 from impurities, the cell lysates were purified by using FPLC with Ni +2 affinity column and eluted by imidazole gradient. This method resulted in single protein band of 72 kDa on the 8% SDS-PAGE (Fig. 3) . The purity of the recombinant protein was calculated by densitometric analysis and the results were given in Table I . 
D. DdGnT15 Had No GlcNAc Transferase Activity
The GlcNAc transferase assay results showed that DdGnT15 had no GnT activity towards the substrate LNnT under in vitro conditions (data not shown). The possible explanation for this could be the expression of β-galactosidase from the host cells E.coli which might have hydrolyzed the substrate Lacto-N-neotetraose. We used the crude protein to check the GlcNAc transferase activity for DdGnT15, with different IPTG concentrations used as a β-galactosidase inhibitor. The IPTG was able to inhibit the β-galactosidase activity but there was no GlcNAc transferase activity observed for DdGnT15.
E. Carbohydrate Binding Activity of DdGnT15
The GlcNAc transferase assay proved that DdGnT15 did not have GlcNAc transferase activity, but it assumed to have the property to bind carbohydrates. To measure the carbohydrate binding activity of DdGnT15, purified DdGnT15 was incubated with affinity matrix containing immobilized carbohydrates. We found that DdGnT15 bound to N-acetylglucosamine agarose (GlcNAc) with
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2013 Engineering and Technology Publishing similar binding efficiency as that of the positive control WGA (Fig. 4) . The binding ability of DdGnt15 was tested by the band intensity analysis in SDS-PAGE with BSA as background (Table II) . The presence of metal ions plays a key role in DdGnT15 in binding with sugars. The affinity towards N-acetylglucosamine agarose was lost when Ca +2 , Mn
+2
, and Mg +2 ions were not present. These results showed that DdGnT15 have affinity toward both Nacetylglucosamine and mannose. 
IV. DISCUSSION
The GnT15 in D.discoideum, the GlcNAc transferase homologue had exhibited carbohydrate binding activity with higher affinity towards GlcNAc than mannose, paminobenzyl 1-thio-β-D-galactopyranoside, or lactose. However, unlike its mammalian homolog, DdGnT15 did not show GlcNAc transferase activity under our experimental conditions. So far, there were no reports on the identification of GlcNAc lectin in D.discoideum. We propose that DdGnT15 might be the first Nacetylglucosamine binding protein found in D.discoideum.
The sequence alignment indicated that DdGnT15 is most related to β3GnT family proteins, the similarity between DdGnT15 and β3GnT family is low, ranging only from 26 to 30 %. This may support our observation that DdGnT15 did not have GlcNAc transferase activity. The multiple sequence alignment result showed that DdGnT15 has C-terminal domain similar to LARGE and β3GnT1 but not β3GnT2 and the N-terminal domain is largely missing in DdGnT15. Thus, it is possible that the C-terminal domain of β3GnT is the carbohydrate binding domain while the N-terminal domain contains the GlcNAc transferase activity. It is also possible that the lack of enzyme activity is due to misfolding of DdGnT15 protein as it was expressed in E.coli or it requires certain post-translational modifications for its proper folding. Interestingly, DdGnT15 have three putative N-linked glycosylation sites at amino acids 152, 386 and 412. Further studies are needed to express DdGnT15 in mammalian or other eukaryotic protein expression systems or isolating DdGnT15 directly from D.discoideum may give more insights in finding the exact function of DdGnT15.
Our study demonstrated that DdGnT15 is a lectin like protein. Discoidin Ι is the first galactose binding protein found in D.discoideum and has been shown to induce hemagglutination [11] . Our study raises the possibility that DdGnT15 may be involved in intercellular adhesion of D.discoideum. In consistent with the previous work done by Pang et al., [4] showed that disruption of DdGnT15 gene affected D.discoideum cell adhesion and changed protein glycosylation profiles of D.discoideum. The mechanisms by which DdGnT15 affect cell adhesion awaits further examination.
Metal ions play a significant role in the conformation of the binding site or the interaction of lectins with their target ligand. We found that the carbohydrate binding activity of DdGnT15 is dependent on the presence of divalent cations. In consistent with this property, a DXD motif, which was shown to co-ordinate the divalent metal ions for the binding of nucleotide sugar, was found in DdGnT15. It is likely that this DXD motif is responsible for the divalent ion dependence of carbohydrate binding observed in our study. In conclusion, we propose that DdGnT15 is a D.discoideum lectin with specificity towards GlcNAc. 
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